INTRODUCTION
Solid polymeric materials, such as polyethylene (PE), cross-linked polyethylene (XLPE) and polypropylene (PP) , are now being widely used in high voltage power apparatus as insulation. The advantages of such materials are their high dielectric strength and electrical resistivity combined with good physical properties, such as resistance to cracking and moisture penetration. However, under certain operating conditions, their good electrical insulation properties may become degraded. For example, trapped or low mobility electrically charged species within the bulk can give rise to space charge, resulting in localised electric stress enhancement. This can cause further concentration of charge and lead to premature failure of the material [1] Recent developments in space charge measurement technique have enabled space charge in solid materials determined non-destructively. The PEA technique is more common than the other techniques due to its simplicity in structure, low cost and easy to implement for both plaque and cable samples. To quantify space charge in the material, calibration on measured signal is required. However, the calibration of samples in the presence of space charge has never been addressed.
In the present paper a normal procedure used for charge density calibration using the PEA technique is briefly described. Our main focus is to deal with one of the practical situations where space charge exists in the material prior to any measurements. A new method based on two step measurements is proposed. An experiment is devised to validate the proposed method. The details of a PEA system can be found in literatures [2] and a schematic diagram is shown in Fig. 1 Quantitative charge analysis needs the system to be calibrated, i.e. K needs to be determined. K is determined by many factors such as acoustic properties of materials encountered by acoustic waves, and electrical parameters of the measuring system. In theory, it is extremely difficult to obtain an analytical solution due to complexity of the system. Therefore, it is often determined experimentally. For a planar sample if there is no bulk charge in the material the third term in equation (1) is zero, therefore, the output signal at the electrodes can be written as
PEA SYSTEM MODEL AND ITS FREQUENCY REPRESENTATION
Both equations can be used to determine the constant K if the acoustic attenuation and dispersion are negligible. However, in practice equation (2), the signal from the electrode closer to the transducer, is often used as acoustic signal experiences less losses.
In mathematical terms it can be represented by y(t) = x(r)h(t -)d= x(t) * h(t) (4) where * represents an operation of the convolution.
In practice, the signal detected by the sensor is small and needs to be amplified. The sensor and the input impedance of the amplifier constitute a typical high-pass filter. This filter is another LTI system. Therefore the PEA system including the detecting circuit can be viewed as two LTI systems connected in cascade. One of the important properties of LTI systems is that the cascaded LTI systems behave as a new LTI system [4] . In a cascaded connection of two LTI systems, the output of the first system is the input of the second system, and the overall output of the cascaded system is the output of the second system. Assuming that the impulse response of the first LTI system is hl(t) and the second LTI system h2(t), the overall impulse response of the cascaded system will be hl(t)*h2(t). Therefore equation (4) is still valid even including the response of the detecting circuit. It has been found [5] that an easy computation can be achieved by converting the signal from time domain to frequency domain. The equation (4) in frequency domain can be represented as
where H(f) is the impulse response of the system including the sensor and amplifier in frequency domain.
Recently a model has been proposed [3] where the PEA system in most of cases can be treated as a linear time-invariant (LTI) system. As this is important from calibration point of view it is worth of reviewing the model briefly. It is well known [4] that the impulse response h(t) of the LTI system is simply the output when the input is the unit impulse sequence 6(t) and the impulse response is a complete characterisation of any LTI system. Convolution is the general formula that allows us to compute the output y (t) from the input x(t) for any LTI system. This can be illustrated in Fig.2 .
x(t) y(t) Experimentally, it is impossible to produce a unit impulse 6(t) which means H(f) cannot be found.
However, from equation (5), the characteristics of the system can be obtained by injecting a known X(f) and measuring Y(f). In order to obtain a broad spectrum, a narrow electric pulse is often applied to the system. Once H(f) is obtained, its effect on the output signal can be removed (known as deconvolution). to any other measurements. A typical example is shown in Fig. 3 where 2 kV is applied to 200 pm LDPE sample and measurement was made in less than 5 seconds. At such a low electric field and short time there should not be any charge generated in the material. This means the peak between two electrodes is response of the system. By applying deconvolution and calibration mentioned in the previous section the response of the system can be eliminated and the signal scaled to charge density as shown in Fig. 4 . differences in sample assembling. It is, therefore, always desirable that the calibration and subsequent measurements are carried out on the sample without involving sample loading and unloading.
The second method proposed below can be applied to the case where deeply trapped charge is involved. Charges can be roughly classified as fast and slow charge according to mobility. Charges trapped in the insulating material are often stable i.e. slow charge. In the situation like this the calibration has to take two steps involving measurement with 'volts on' and 'volts off' (dc voltage). The subtraction between the two measurements gives the output signal which excludes the contribution from the trapped charge, in other words, it only represents the effect of dc voltage, therefore the calibration can be done in a similar way as those described earlier.
Assuming that the signal on the electrode near to the transducer is VI On and VI off respectively corresponding to volts on and off, according to equation (2) As expected, there is no bulk charge at this low electric field. Further measurements have to be processed in a similar fashion so the quantitative space charge information can be revealed.
Sample with Trapped Charge
In some cases where charge is trapped either in the bulk or on the surfaces it is still possible to calibrate so a quantitative charge distribution can be obtained. There are two methods available. The first solution to this problem is to use the same batch of samples without charge for calibration purpose. This method has been used in literature [6] . In theory this method sounds very reasonable, however, in practice as there are several interfaces involved in the PEA system which have a significant influence on the propagation of acoustic waves. Consequently there are considerable variations in the output signal from sample to sample due to slight Vl on-VIO ,=Kepacl (
Except from K, the rest of variables in the above equation can be either measured or known from the applied voltage, therefore K can be calculated. Once K is known, the space charge in the bulk of the sample can be estimated based on equation (7). and subsequently trapped near the electrodes. It was observed that the amount of charge build up increases with ageing duration. As our main purpose here is to produce a sample which has trapped charges inside, the ageing test was terminated at 60 minutes. The charge decay in the aged sample was monitored and it has been noticed that there is a significant reduction of the amount of homocharges trapped in the material initially. These charges are believed to be trapped in shallow traps during stressing period. A steady reduction in the rate at which space charge decays can be observed until it becomes reasonably stable after 15 minutes.
EXPERIMENTAL RESULTS
Since the space charge profile after 15 minutes of charge decay is reasonably stable, it satisfies the condition of that the charge is trapped reasonably deep; as such can be considered as a sample with trapped charge. Therefore, the method proposed in section 3.2 can be applied. Thickness (mm) that they almost overlapped each other when put together. This implies that there is little fast charge accumulation in the sample when a 1 kV dc voltage was applied. More importantly it validates the procedure described earlier.
Using the calibration signal obtained we have processed the data obtained from the decay test. Not surprisingly, the result is almost identical to the one processed from the initial calibration signal as shown in Fig. 6 . 
